Abstract Flupropanate (sodium 2,2,3,3 tetrafluoropropanate), a slow-acting lipid biosynthesis-inhibiting herbicide, was recently registered in New Zealand as Taskforce (745 g/L flupropanate as the sodium salt) for the selective and long-term control of Nassella trichotoma (nassella tussock) in pastures. In five dose-response experiments in permanent hill pastures in Canterbury, conducted between 2012 and 2016, we measured the efficacy of the herbicide against established plants of N. trichotoma and its residual activity against recruiting seedlings. Mortality, as an average across the five sites, was 93% 1.5 years after applying 1.49 kg flupropanate/ha (the label-recommended rate), and 100% at 2.98 kg/ha. This indicates that an application rate higher than the label rate will be necessary for complete control of a N. trichotoma infestation. The presence of 1,000 and 6,250 visible seedlings of N. trichotoma/ha in the autumn 3.2 and 2.1 years after applying 1.49 kg flupropanate/ha (at a Greta Valley and Scargill site respectively) indicates that the herbicide's soil residues had decayed within 12 months to a concentration lower than necessary to kill the germinating seedlings of N. trichotoma.
INTRODUCTION

Flupropanate
(sodium 2,2,3,3 tetrafluoropropanate = tetrapion) is a slowacting lipid bio-synthesis-inhibitor (Anonymous 2016a). It is one of several halogenated aliphatic herbicides, a group that also contains dalapon (2,2-dichloropropanoic acid) and TCA (trichloroacetic acid) (WSSA 2016) . In Australia it has been used since 1972 (as Frenock and more recently as Taskforce®) to control Nassella trichotoma (serrated tussock, nassella tussock), N. neesiana (Chilean needle grass), Eragrostis curvula (African lovegrass) and Sporobolus spp. (Parramatta grass) in introduced pastures (Anonymous 2016b). In south-eastern Australia, its use in pastures promotes bare ground and broadleaved weed cover (Grech et al. 2014) . In New Zealand, where the herbicide has only recently become available (Anonymous 2016d), experiments also reveal damage to desirable pasture plant species and their replacement by bare ground and weeds when used at the label-recommended application rate of 1.49 kg flupropanate/ha (Lusk et al. 2017) . While these two studies indicate that the herbicide does not selectively control established N. trichotoma in pastures, another Australian study indicates that seedlings of this weed can be controlled using 0.56 kg flupropanate/ha, a dose that is 38% of the label rate (Anonymous 2016d) of 1.49 kg/ha (Campbell et al. 2002) .
Despite its damage to desirable pasture grasses and clovers, flupropanate is being marketed in New Zealand (as Taskforce®) for the control of N. trichotoma (and other grass weeds) in pastures (Anonymous 2016d). Its poor selectivity is potentially compensated for by up to five years' inhibition of seedling recruitment (Anonymous 2016c). Such a long period of soil activity is at odds with a reported soil half-life of 30 days (Anonymous 2012), which would classify flupropanate as a "non-persistent" pesticide (Deer 2004) . It is, however, supported to some extent by Campbell's experiment in an Australian pasture in which N. trichotoma seedlings did not become evident until the second year after treatment with 0.56 kg flupropanate/ha (Campbell et al. 2002) . To help redress the uncertainty about the soil residual activity of flupropanate against the seedlings of N. trichotoma in New Zealand pastures, we measured their post-treatment occurrence in field experiments conducted in North Canterbury. Here we present these seedling recruitment data along with mortality estimates for the N. trichotoma plants existing at the time of applying the flupropanate.
MATERIALS AND METHODS
Five experiments were carried out to determine the efficacy and selectivity of the herbicide flupropanate used to control N. trichotoma in drought-prone Canterbury hill pastures. Visual assessments of the percentage of each N. trichotoma plant remaining alive (% green) were made 0.3, 0.7, 1.1, 1.7 and 2.1 years after treatment in Experiments 1, 2 and 3 with an additional assessment made in Experiment 3 at 3.2 years. For Experiments 4 and 5, the assessments were made at 0.6 and 1.0 years with an additional assessment made in Experiment 5 at 2.1 years. Some plants were removed by grubbing by either the farmer or a contractor and this unintentional loss of plants affected assessments of plant survival. Percentage mortality, therefore, was calculated as (1 -) ×100, where a is the number of plants alive at the time of assessment and t is the total number of plants out of the original ten that had not been grubbed prior to the assessment. This unintended grubbing occurred to the greatest extent in Experiments 1 and 4. As a result, mortality estimates for these two experiments were made using the data obtained 1.1 and 1.0 years after treatment respectively, before any substantial loss of plants to grubbing. Given the slow-acting nature of flupropanate, taking up to 1.3 years to kill a N. trichotoma plant (Anonymous 2016c), mortality may have been underestimated for these two experiments. The lower level of grubbing in Experiments 2, 3 and 5 enabled mortality to be estimated after a greater elapse of time; 1.7, 1.7 and 2.1 years after treatment respectively. For analysis, the five estimates of percentage mortality for each application rate of flupropanate were averaged and plotted against rate of flupropanate along with the standard error of the mean.
Counts of N. trichotoma seedlings were made in Experiments 2 and 5 where little or no grubbing was evident and thus where the data could be used to reliably estimate seedling recruitment. These counts were made 3.2 and 4.1 years after treatment in Experiment 2 and 2.1 and 3.0 years after treatment in Experiment 5 by two assessors carefully searching the 2 m × 2 m area of each plot and counting all visible plants of N. trichotoma excluding the central plant. Statistical analysis of the data was conducted by fitting a generalised linear model to the counts with terms block and treatment, assuming a Poisson distribution and a logarithm link function, and estimating the dispersion parameter instead of assuming it was unity. This analysis was conducted for the data obtained at both times of assessment in Experiment 2 and for the second assessment time in Experiment 5 (which had insufficient nonzero data for the first assessment time).
RESULTS AND DISCUSSION
The mortality responses of the established tussocks of Nassella trichotoma in the five experiments are given in Table 1 and the mean response is plotted in Figure 1 . There was considerable variation in the responses across the five experiments (Table 1) . Averaged over the experiments, there was a pronounced dose response with 100% mortality achieved at 2.98 kg flupropanate/ha, 93% mortality at the Taskforce® herbicide label-recommended rate of 1.49 kg flupropanate/ha and 74% mortality at half the label rate (Figure 1 ). This response indicates that on average, flupropanate at the labelrecommended rate will not provide a complete kill of an established N. trichotoma infestation in a North Canterbury pasture. Whether or not the rate needs to be as high as 2.98 kg flupropanate/ ha cannot be determined from the data obtained. The use of rates higher than the label rate is likely to result in an unacceptable reduction in the stock-carrying capacity given the pronounced damage to desirable pasture plants that has been demonstrated by other data from our experiments (Lusk et al. 2017) , and by similar experiments in Australian pastures (Grech et al. 2014) . Our results, in combination with those of Lusk et al. (2017) , indicate that flupropanate is neither completely effective against existing tussocks of N. trichotoma nor selective in its activity in the sheep and cattle-grazed pastures typical of those that may be infested by the weed in the hill lands of North Canterbury.
A potentially beneficial feature of flupropanate as an herbicide for controlling N. trichotoma in pastures in New Zealand is the claimed five-year post-application period of soil residual activity against seedling reinvasion in a treated pasture (Anonymous 2016c). In the current study, young plants of N. trichotoma were found in the experimental plots during the assessments in autumn, 3.2 and 2.1 years after the flupropanate had been applied in Experiments 2 and 5 respectively (Tables 2 and 3 ). Many more were evident a year later. In Experiment 2 at 4.1 years after application, there were significantly more recruits with the 2 × label application rate than with the full and half (Table 1) . Vertical bars are standard errors of the mean (SE). label rates (P<0.05), the effect probably a result of the greater levels of bare ground at the highest rate (Lusk et al. 2017) ; at this date, the control treatment did not differ significantly from the other three (flupropanate) treatments (Table 2) . By comparison, in Experiment 5 at 3.0 years after application, there were significantly more recruits with the full label application rate than with the control, the half label rate or twice the labelrate treatments (P<0.05), with no significant differences between the latter three treatments (Table 3) . These recruiting plants would have been at least one year old when first counted (to be large enough to detect) so successful germination and seedling establishment could have been occurring as early as 1.0 year after treatment. This apparent short period of residual herbicidal activity in the soil is consistent with the reported 30-day soil half-life of flupropanate (Anonymous 2012). A 30-day half-life predicts that just 0.0244% of applied flupropanate would remain after twelve 30-day half-life periods (360 days) have elapsed (about one year). This means, for example, that after 360 days, a label-rate application of 1.49 kg flupropanate/ha would have decayed to an amount equivalent to 0.00036 kg flupropanate/ ha (= 1.49 × 0. 5 12 ). Given that our experiments are representative of the soils and rainfall of N. trichotoma-prone North Canterbury hill soils, and that the residual activity of flupropanate depends on these variables (Anonymous 2016d), we conclude that the herbicide is unlikely to prevent the seedlings of N. trichotoma reinvading treated pastures in North Canterbury.
